We report a novel method of diffraction imaging flow cytometry to measure and analyze size distribution of microspheres. An automated and robust image processing software based on the short-time-Fourier-transform algorithm has been developed to analyze the characteristic and spatially varying oscillations of side scatters recorded as a diffraction image. Our results demonstrate that the new method allows accurate and rapid determination of single microspheres' diameters ranging from 1 to 100μm. The capacity for analysis of light scattering by two-sphere aggregates has been demonstrated but analytical tools for characterization of aggregates by multiple microspheres remain to be developed.
Introduction
Microspheres of diameters ranging from 1μm to 100μm are widely used in various fields such as high-Q resonators, drug delivery, instrument calibration and optical phantoms [1, 2] . A critical need for any application is to accurately and rapidly measure the size distribution of a given microsphere sample [3] . Current methods for sizing microspheres include microscopy imaging followed by manual counting, electronic measurement with Coulter counter and optical measurement based on light scattering with flow cytometer. Among these the angleresolved measurement of light scattered from flowing microspheres attract intense research interests because of the high accuracy of size determination based on the Mie theory and potentially high speed of measurement afforded by these methods. Several approaches have been reported for angle-resolved measurement which include the use of detector array [4, 5] , scanning of the polar scattering angle via flight time mapping [6, 7] and diffraction imaging of forward scatters [8, 9] . Different from biological cells of heterogeneous structures, single microspheres yield highly symmetric and characteristic oscillation patterns in the spatial distribution of scattered light intensity as predicted by the Mie theory. The oscillatory patterns, however, can vary significantly depending on the beam profile, position of the illuminated microsphere relative to the center of incident beam and number of microspheres present in the incident beam. Light scattering by multiple microspheres is of particular research interest [10] since it occurs quite often in suspension due to aggregation or crowded flow. For these cases inverse determination of size parameters may become error-prone if scattered light intensity is known as a function of polar angle only. It is thus highly desirable to develop a method adequately robust to solve these inverse problems.
We have developed a diffraction imaging flow cytometry method for acquisition of side scatters for rapid analysis of 3D morphology of particles [11] [12] [13] . Compared to other methods, the side scatter based diffraction imaging approach allows acquisition of scattered light intensity as a function of both polar and azimuthal scattering angles with high signal-tonoise ratio, fast frame rate if a high-speed camera is used and relative simple design of optics and detection by taking advantage of the rapidly advancing imaging sensor technology. To accurately and rapidly extract a microsphere's diameter from its diffraction image we present here a short-time-Fourier-transform (STFT) based algorithm and demonstrate its utility by obtaining the distribution of microsphere diameters. Its extension to analyze two-sphere aggregates has also been explored with a Gabor transform algorithm.
Method
The details of the diffraction imaging flow cytometer design have been presented elsewhere [11, 12] . Briefly, a microsphere suspension sample is injected from a stainless steel nozzle as the core fluid into a square glass cuvette of 3mmx3mm inside sides. A separate sheath fluid enters simultaneously into the same cuvette under a higher pressure than that on the core fluid. The pressure difference is controlled by syringe pumps to form a laminar flow with the core fluid's diameter narrowing down to about 20μm at the focal point of an incident laser beam of wavelength of 532nm and power of 100mW. The laser beam is expanded and collimated to a diameter of 20mm and focused to about 20μm in diameter at the core fluid with a lens of 175mm in focal length. Figure 1 Lumenera) and an exposure time of 1ms. The CCD camera was oriented perpendicular to the x-axis with its sensor collecting the side scatters from the microsphere after an infinitycorrected microscope objective of 0.55 in numerical aperture (NA) and 13mm in working distance (M Plan Apo 50x, Mitutoyo) and a tube lens of 75mm in focal length. The diffraction images as shown in Fig. 1(b) were taken by the imaging unit translated to an off-focus position of Δx = 150μm toward the flow chamber. The "origin" position of Δx = 0 was determined through alignment at which one can clearly observe the interception of the core fluid, brightened by a white light illumination, with the focus of the incident laser beam. Previously we have shown that placing the imaging unit at positive Δx produces diffraction images correlated strongly with the coherently illuminated particle's morphology while negative Δx introduces fringe patterns by the imaging optics [12] . Variation of Δx can change the angular range of the detected scatters as can be seen by comparing the images in Fig. 5 . . Before measurement, a microsphere suspension was diluted to a concentration of 4.4x10 5 /ml with deionized water before injection into the core fluid chamber. At an acquisition rate of about 4 frames/s, a total of about 10,000 diffraction images of microspheres were acquired for each group in about an hour. From these data we selected the first 1000 images by single microspheres per group for development of an image analysis algorithm to extract their diameters.
As can be seen from Fig. 1(b) , the patterns in the diffraction images, I(Z, Y), of different microspheres are highly symmetric with the pixel intensity oscillating mainly along the z-axis, where Z and Y are the pixel coordinates as shown in Fig. 1(a) . Previously, we have applied a fast-Fourier-transform (FFT) based algorithm to diffraction images of microspheres and found that a sideband of largest peak frequency outside the dominant DC component may be used to determine the microsphere diameters [11] . Further evaluation of the FFT based algorithm indicated, however, that this method of microsphere sizing has poor stability due to the presence of numerous sidebands of similar amplitudes caused by the change in the period of pixel intensity oscillation in both z and y directions. To correct this problem, we have investigated several algorithms capable of analyzing signal intensity variations in both real and inverse frequency spaces such as Gabor transform, wavelet and short-time-Fouriertransform (STFT). While the Gabor transform is a special case of STFT with a Gaussian window, the wavelet algorithm utilizes different windows of varied width to extract spatial and frequency features at multiple scales. The diffraction images of concern here, however, exhibit rather limited scales for their oscillatory patterns relative to the image resolution defined by the number of pixels. For this type of images the STFT or Gabor transform is very suitable for its algorithm simplicity and processing speed with at least two-fold improvement in comparison to the wavelet analysis.
Results and discussions
We applied 1D STFT on a selected row of the input diffraction image which allows Fourier transforms on pixels defined by a window function g(Z-Z') of width w. A set of spectra S(f; Z, Y) can be obtained by translating the window centered at Z along the z-axis to account for the local variation of the spatial frequency f over the row of Y. With a Gaussian window function, the STFT spectrum can be written in continuous form as the following [14] ( ; , )
where
The width parameter w determines the effective number of pixels within the window centered at Z contributing to the STFT spectrum. A larger w yields better frequency resolution but poor spatial resolution. As the microsphere diameter decreases, the spatial period of intensity variations increases (see Fig. 1(b) ) and one needs to use larger w to yield sufficient frequency resolution for determination of diameter, which places the lower threshold of this method for sizing microspheres at about 1μm with the imaging parameters described here. The STFT based algorithm starts by applying the discrete form of Eq. (1) on the image row with the highest pixel intensity. The value of w was initially set as twice the shortest distance between the center vertical dark fringe and the first local maximum of pixel intensity at each row. Figure 2 presents the 2D STFT power spectra P(f; Z) = |S(f; Z, Y)| on such a row of Y near the center of I(Z, Y) for two microspheres shown in Fig. 1(b) . Among the 640 pixels in each row only 512 center pixels were picked for STFT calculation to reduce computing time without data padding. The 2D power spectra of P STFT (f, Z) shown in Fig. 2 demonstrate that a well-defined single sideband exists outside the dominant DC component whose peak may serve as an anchor to determine a frequency for microsphere sizing.
For comparison of STFT with FFT results performed on the same row, we compress the 2D STFT spectra into an 1D curve of P STFT (f) by removing the dependence of P(f, Z) on Z with the following maximum operation on P for a fixed value of f ( ) max{ ( , )} The above conversion allows rapid determination of a unique sideband associated with the characteristic oscillation of light intensity near the row center. The power spectra of STFT and conventional FFT performed on a single row Y are compared in Fig. 2 . These results demonstrate clearly that the use of STFT markedly enhances the sideband associated with the characteristic oscillation of light intensity near the row center and significantly suppresses the DC component and other sidebands induced by the spatial variation of oscillation period. To identify accurately a frequency for particle sizing, we developed an iteration scheme of STFT analysis to obtain appropriate window widths w by taking advantage of the 2D nature of diffraction image data. After the STFT operation on a center row selected on the basis of highest pixel intensity, the sideband peak in P STFT (f) was obtained as f s by searching for the first peak with f decreasing from its maximum value in the range of Fig. 2(b) . Then the sideband frequency was obtained for other rows as f s (Y) with the initial value of w picked for each row using the same definition. A careful observation of the diffraction images for single microspheres in Fig. 1(b) shows that the initial values of w increase gradually from the center toward peripheral rows due to the increasing separation of the dark fringes. Consequently f s (Y) is expected to decrease gradually from the center to peripheral rows. Based on this observation, the values of w were varied to iterate the STFT calculation for those rows with f s deviating significantly from a polynomial fitting curve to f s (Y) until the deviation diminishes. The final results are presented in Fig. 3 which were used to accurately determine the true center row and the associated maximum value of f s as f s,max for a given diffraction image. An automated image processing software as described above has been developed using the MATLAB platform (MathWorks) in which the STFT function of MATLAB was used. For a diffraction image as shown in Fig. 1(b) the calculation of the maximum sideband frequency f s,max takes on average about 0.5 minute to complete on a 2GHZ computer. Figure 4 presents the histograms of f s,max within each group of the microspheres and the mean value of f s,max plotted against the nominal diameter d for each group. With the mean values and standard deviations of f s,max , we found the CV of f s,max distributions to be 15%, 13%, 3.3% and 3.2% for the groups of microspheres of d = 9.6, 7.9, 5.7 and 2.5μm, respectively, which agree well with the nominal values of CV provided by the vendors of microspheres. From the excellent linear relation between f s,max and d as shown in Fig. 4 
It is interesting to note that microspheres may aggregate in suspension and present a significant challenge for characterization. The diffraction imaging method reported here allows detailed mapping of the scattered light intensity against both of the polar and azimuthal angles as image data. As a result, it affords the possibility for distinguishing and characterizing aggregated microspheres. To demonstrate such capability, we have performed numerical simulations of light scattering by two identical microspheres attached to each other. Simulated diffraction images of different diameters and orientations were obtained and analyzed to gain insight on the relation between parameters of aggregates and fringe patterns in the images. The two-sphere aggregate's orientation is marked by (θ 0 ,  0 ) as the angles of the line connecting the spherical centers using the coordinate system shown in Fig. 1(a) . The angle-resolved S 11 element of the Mueller matrix was first obtained with a discrete dipole approximation (DDA) based software as the unpolarized intensity of light scatter [15, 16] . The S 11 element was then projected to an area in the Z-Y place representing the CCD sensor within an angular range of Δθ s with θ s as the polar scattering angle with no consideration of the imaging optics. Figure 5 shows examples of both measured and simulated diffraction images. These results indicate that the two-sphere aggregates yield distinct fringe patterns in comparison to the three-sphere aggregates with the axis of rotational symmetry for the oscillatory patterns given by their connecting lines and characteristic oscillation periods determined by both of their individual and combined sizes. To extend our analysis to the cases of two-sphere aggregates, we adopted the Gabor transform proposed in [18] as the 2D extension to the 1D STFT defined in Eq. (1). The final transform employs a circular window and its continuous form can be written as
where w is the same window width as the one defined in Eq. Fig. 6(a) for lack of the noise in the simulated diffraction image. The sidebands correlate with the oscillatory patterns at different angles from the horizontal direction in the input images I, which can serve as the keys to determine aggregate parameters such as the sphere diameter and orientations. The above findings demonstrate that the diffraction imaging method could be extended to analyze aggregates of multiple microspheres. A systematic study is underway on the measurement and analysis of different aggregates. 
Summary
We have developed a novel method for accurate determination of diameters of single microspheres using a diffraction imaging flow cytometer and an STFT based image processing software. The presented method complements the existing ones with the advantages of reasonable speed (up to 1000 microspheres per second with a fast camera) and high accuracy. The current design of imaging optics allows determination of the microsphere diameters in the range from about 1 to 100μm by varying the off-focus position Δx. The above range can be further extended into submicron sizes with an incident beam of shorter wavelength and microscope objective of larger NA. Initial results of 2D Gabor transform based image analysis on two-sphere aggregates demonstrate its capacity for analysis of light scattering by the aggregates but more in-depth studies are needed to yield a satisfactory solution.
